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ABSTRACT 


This  report  is  one  of  a  number  of  technical  notes  describing  various 
aspects  of  the  design,  fabrication,  and  performance  of  a  demonstration  analog 
feedback  processor.  In  this  report  we  examine  the  PIN  diode  weight  circuits 
which  are  used  in  the  adaptive  processor  to  control  the  attenuation  and  phase 
of  the  eight  signal  channels  which  make  up  the  processor.  The  weighting  cir¬ 
cuits  are  required  to  have  well-matched  transfer  functions  which  track  closely 
from  channel  to  channel  so  as  not  to  degrade  the  processor  cancellation.  To 
achieve  the  necessary  tracking  performance,  two  different  weight  circuit  designs 
were  investigated.  The  tracking  performance  of  the  first  set  was  found  to  be 
limited  by  the  direct  feed-through  of  input  signals  to  the  output  of  the  weight 
circuit  as  a  result  of  the  limited  dynamic  range  of  the  weight  circuit  attenu¬ 
ator.  To  overcome  this  limitation,  a  second  set  of  weight  circuits  having 
significantly  Improved  tracking  characteristics  was  fabricated  using  an  Improved 
attenuator  circuit  design. 

Information  relevant  to  the  design,  fabrication  and  testing  of  each  weight 
circuit  is  presented  along  with  measured  data  to  demonstrate  its  performance. 
Techniques  used  in  characterizing  the  frequency  tracking  performance  of  mul¬ 
tiple  weight  circuits  are  discussed  and  measurement  data  is  presented  to  illus¬ 
trate  the  relative  tracking  performance  of  the  weight  circuits. 


V 


\  T.V3 
Va6au" usee* 

1  Justus  ' 


"  .i/o r 

A**' LV'i 

syoG>a-l 


Abstract 

Illustrations 

Tables 


CONTENTS 


111 

vl 

viii 


I.  INTRODUCTION  1 

II.  DESIGN  REQUIREMENTS  4 

III.  DESIGN  APPROACH  8 

IV.  WEIGHT  CIRCUIT  DESCRIPTIONS  13 

4.1  Narrowband  Weight  Circuits  13 

4.2  Broadband  Weight  Circuits  20 

V.  SINGLE  WEIGHT  PERFORMANCE  31 

5.1  Narrowband  Weight  Circuits  31 

5.2  Broadband  Weight  Circuits  37 

VI.  WEIGHT  TRACKING  PERFORMANCE  43 

6.1  Measurement  Techniques  43 

6.2  Measurement  Results  51 

VII.  SUMMARY  OF  RESULTS  63 

Acknowledgments  65 

References  66 


ILLUSTRATIONS 


1.  Simplified  Block  Diagram  of  an  8-Channel  Analog  Feedback 

Adaptive  Processor  2 

2 

2.  Parametric  Representation  of  the  Tracking  Error  o  vs 
Amplitude  and  Phase  Mismatch,  20  logj~(l+o  )  and  o  , 

Respectively  (after  Mayhan  [93 >  7 

3.  Weight  Circuit  using  Fixed  Phase  Shifters,  Four  Attenu¬ 
ators  and  One  Four-Way  Combiner  9 

4.  Weight  Circuit  using  Fixed  Phase  Shifters,  Two  Attenu¬ 

ators,  Two  Biphase  Modulators  and  One  Two-Way  Com¬ 
biner  10 

5.  Attenuator /Modulator  Circuit  used  in  the  Narrowband 

PIN  Diode  Weight  Circuit  14 

6.  Narrowband  PIN  Diode  Weight  Circuit  with  Top  Cover 

Removed  to  Illustrate  the  RF  Circuit  18 

7.  Narrowband  PIN  Diode  Weight  Circuit  with  Bottom  Cover 

Removed  to  Illustrate  the  Driver  Circuit  19 

8.  Broadband  Attenuator /Modulator  Circuit  Consisting  of 
a  Double  Pi  Attenuator  and  a  Double  Balanced  Mixer 

Operated  as  a  Biphase  Modulator  21 

9.  Variable  Resistance  Pi  Attenuator  Circuit  22 

10.  Schematic  Diagram  of  the  Double  Pi  Attenuator  Circuit 

used  in  the  Broadband  PIN  Diode  Weight  Circuit  23 

11.  Broadband  RF  Weight  Module  27 

12.  Front  Side  View  of  Broadband  PIN  Diode  Weight  Circuit 

Showing  RF  Weight  Module  and  Two-Way  Divider  29 

13.  Rear  Side  View  of  Broadband  Pin  Diode  Weight  Module 

Showing  Driver  Circuit  30 

14.  Attenuation  and  Phase  Response  of  the  "I"  Channel  of 

Weight  #2  vs  Control  Voltage,  V^,  at  125  MHz  32 


vi 


ILLUSTRATIONS  (Cont'd) 


15.  Intermodulatlon  Measurements  for  Narrowband  Weight 

Circuit  34 

16.  Weight  Attenuation  vs  Frequency  Obtained  by  Adjusting 

Weight  for  Maximum  Attenuation  and  Sweeping  Frequency.  36 

17.  Attenuation,  Return  Loss  and  Phase  Shift  as  a  Function 
of  Control  Voltage  at  121.4  MHz  for  a  Double  Pi 

Attenuator  Circuit  38 

18.  Attenuation  vs  Frequency  for  Double  Pi  Attenuator  for 

Variable  Control  Voltages  40 

19.  Intermodulation  Performance  vs  Attenuation  for  Double 

Pi  Attenuator  41 

20.  Intermodulation  vs  Attenuation  for  Broadband  Weight 

Circuit  42 

21.  Automated  Test  Set-Up  for  Characterizing  Weight  Tracking 

Performance  44 

22.  Measurements  Conducted  on  a  Single  Narrowband  Weight 
Circuit  Illustrating  Weight  Attenuation  vs  Number  of 

Iterations  for  Selected  Values  of  p  and  e  52 

23.  Comparison  of  Measured  Tracking  Data  for  Narrowband 
Weights  Showing  Null  Depth  vs  Frequency  for  1,  2  and 

4  Weights  54 

24.  Comparison  of  Measured  Tracking  Data  for  Broadband 
Weights  Showing  Null  Depth  vs  Frequency  for  1,  2  and 

4  Weights  56 

25.  Cancellation  Performance  Obtained  from  40  Random  Selections 

of  the  Beam  Steering  Vector  and  Reference  Channel  58 

26.  Eigenvalues  vs  Bandwidth  for  the  Eight  Broadband 
Weight  Circuits,  Measured  using  a  Fixed  Control 

Voltage  Vx-0,  VQ-1  Volt  60 

27.  Comparison  of  the  Eigenvalue  Ratio,  82/8^,  for  the 

Narrowband  and  Broadband  Weights  vs  Bandwidth  61 


vii 


TABLES 


1.  Weight  Circuit  Design  Requirements/Goals  5 

2.  Series  and  Shunt  Resistance  Values  for  a  Pi-Attenuator 

Circuit  vs  Attenuation  23 

3.  Comparison  of  Cancellation  over  10  MHz  Bandwidth  as 

a  Function  of  the  Number  of  Weights  57 

4.  Comparison  of  PIN  Diode  Weight  Circuit  Performance 

over  10  MHz  IF  Bandwidth  Centered  at  121.4  MHz  64 


I.  INTRODUCTION 

In  this  technical  note  we  examine  two  types  of  PIN  diode  weight  circuits 
which  are  capable  of  producing  controlled  attenuation  and  phase  shift  (contin¬ 
uous  from  0°  to  360°).  Both  circuits  were  designed  for  used  in  the  analog 

* 

feedback  adaptive  processor  shown  in  block  diagram  form  in  Fig.  1.  The  pro¬ 
cessor  consists  of  eight  "identical"  signal  paths  or  channels  with  each  channel 
containing  a  separate  RF  front-end  section,  an  RF  to  IF  converter,  amplifier  and 
filter  chain,  and  a  weight  circuit.  The  weight  circuits,  which  are  implemented 
at  IF  ('v  121  MHz) ,  provide  the  capability  of  changing  the  amplitude  and/or  phase 
of  the  signal  in  each  channel  using  control  voltages  generated  in  the  Correla¬ 
tion  and  Height  Control  Unit  (A7).  After  weighting,  the  various  signal  channels 
are  combined  in  an  8-way  combiner  to  form  the  processor  output  signal. 

The  adaptive  processor  in  Fig.  1  uses  a  variation  of  the  least  mean  square 
(LMS)  algorithm  discussed  by  Gabriel ^  for  controlling  the  weight  circuits. 

This  modification  allows  for  the  Incorporation  of  "beam  steering"  signals  into 
the  feedback  loops  for  controlling  the  transfer  function  of  the  processor  in  the 
absence  of  any  interference  signals.  For  our  application  the  processor  is  used 
to  control  an  antenna  radiation  pattern  so  that  the  beam  steering  signals,  in 
this  case,  determine  the  quiescent  or  unadapted  radiation  pattern  of  the 
antenna. 

Since  the  LMS  algorithm  is  a  power  minimization  algorithm,  the  weight 
circuits  are  adjusted  to  minimize  the  output  power,  with  signals  being  distin¬ 
guished  on  the  basis  of  their  relative  power  level.  When  the  input  signal 
levels  are  less  than  the  loop  threshold,  the  weight  settings,  and  hence  the 
processor  input/output  transfer  function,  are  determined  by  the  "beam  steering" 
signals.  This  is  the  normal  situation  when  only  user  signals  are  present  at 
the  inputs  to  the  processor.  However,  as  the  input  signal  level  to  the  processor 
increases  such  as,  for  example,  when  a  large  interference  source  is  present,  the 
feedback  loops  sense  the  increase  in  output  power  level  and  respond  by  generating 
the  appropriate  weight  control  voltages  to  minimize  the  output  signal  level. 

*A  third  set  of  weight  circuits  utilizing  transconductance  multipliers  were 
also  tested  with  the  adaptive  processor,  and  are  discussed  separately  in 
Ref.  [7]. 
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Fig.  1.  Simplified  block  diagram  of  an  8-channel  analog  feedback 
adaptive  processor. 
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In  this  fashion,  by  distinguishing  signals  on  the  basis  of  their  power  level, 
the  processor  is  able  to  adaptively  control  its  transfer  function  so  that 
signals  above  the  loop  threshold  level  (i.e.,  interference  signals)  are  attenu¬ 
ated,  and  the  output  power  is  minimized  while  signals  below  the  loop  threshold 
(i.e.,  user  signals)  are  unattenuated. 

A  detailed  description  of  the  processor,  its  performance  and  its  various 

r  o _ a  1 

subsystems  are  discussed  in  other  technical  notes L  .In  this  technical  note 
we  discuss  only  the  PIN  diode  weight  circuits.  Section  II  describes  the  weight 
circuit  design  requirements  which  is  followed,  in  Section  III,  with  a  general 
discussion  of  several  candidate  weight  circuit  configurations.  Details  relating 
to  the  weight  circuit  fabrication,  testing  and  performance  are  presented  in  the 
remaining  sections. 
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II.  DESIGN  REQUIREMENTS 

The  weighting  circuits  are  designed  to  operate  over  a  minimum  bandwidth  of 
10  MHz  centered  at  an  IF  frequency  of  approximately  121.4  MHz.  The  eight 
weighting  circuits  (one  for  each  channel  of  the  processor)  are  designed  to 
adjust  the  amplitude  and/or  phase  of  the  signal  in  each  channel  in  accordance 
with  a  pair  of  control  voltages,  denoted  by  and  V^,  which  control  the  real 
and  imaginary  components  of  the  weight,  respectively.  In  Table  1  are  summarized 
the  principal  design  requirements  of  the  weighting  circuits.  It  should  be  noted 
that  the  transfer  function  of  each  weight  circuit  must  be  matched  and  made  to 
track  from  unit  to  unit  over  the  IF  bandwidth.  For  an  ideal  processor,  the 
frequency  transfer  characteristics  of  all  channels  would  be  identical,  resulting 
in  a  cancellation  which  is  independent  of  frequency.  In  practice,  however,  the 
signal  channels  cannot  be  made  exactly  the  same  due  to  inherent  mismatches  in 
the  components  which  make  up  the  channels.  As  a  result,  the  cancellation  band¬ 
width  over  which  the  adaptive  processor  is  able  to  achieve  a  specified  inter¬ 
ference  cancellation  depends  upon  how  closely  the  frequency  characteristic  of 
the  channels  can  be  made  the  same.  For  the  weight  circuits,  perfect  tracking  of 
the  transfer  functions  implies  that  the  transfer  function  of  each  weight  circuit 
must  be  either  invariant  with  frequency  or  track  exactly  from  unit  to  unit, 
independent  of  the  weight  setting  and  input  power  level.  Although  neither  of 
these  conditions  can  be  satisfied  exactly  and  therefore  perfect  cancellation  can 
never  be  achieved  over  a  finite  bandwidth,  one  can,  however,  specify  how  well 

the  channels  must  be  matched  in  amplitude  and  phase  to  achieve  a  given  level  of 

T91 

cancellation.  One  method  of  doing  this  is  the  technique  described  by  Mayhan 
and  Hodson^^  in  which  the  processor  performance  (i.e.,  its  cancellation  level) 
is  expressed  in  terms  of  the  rms  channel  mismatch  errors.  For  the  case  in  which 
the  channel  tracking  errors  are  uncorrelated  and  approximately  the  same  from 
channel  to  channel,  the  cancellation  level  can  be  expressed  as 

C  *  a2  =*  aA2  +  a/  (2.1) 
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TABLE  1 

WEIGHT  CIRCUIT  DESIGN  REQUIREMENTS /GOALS 


Center  Frequency 

Bandwidth 
Input/Output  VSWR 
Max  Input  Power  Level 
Dynamic  Range 

Phase 

Weight  Tracking  Performance 

Weight  Control  Signals 

Weight  Response 

Control  Signal  Bandwidth 

Third  Order,  Two-Tone 
Intermodulation  Intercept 


121.4  MHz 


10  MHz 


<  1.22  (return  loss  >20  dB) 


0  dBm 


>  40  dB 


Continuous  from  0°  to  360° 


Sufficient  to  produce  greater 
than  -40  dB  cancellation  over 
the  bandwidth  when  two  or  more 
weights  are  adjusted  to  cancel 
at  121.4  MHz 


Controllable  from  two  analog 
voltages,  each  operating  over 
-1  to  +1  volts  for  the  control 
of  the  real  and  imaginary 
components,  respectively 


Weight  attenuation  should  be 
linear  with  control  voltage 
such  that  weight  magnitude, 

I W |  <v.  [Vx2  +  Vq2]1/2 
<  100  KHz 


+15  dBm,  min.  at  output 

<|W|  -  1) 
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where  and  represent  the  standard  deviations  of  the  amplitude  and  phase, 
respectively,  of  the  channel  tracking  errors.  In  the  context  used  here, 
cancellation  is  defined  as  the  ratio  of  the  interference  to  thermal  noise  ratio 
at  the  output  before  and  after  adaption,  that  is. 


a/m 
Ci  TTTm; 


(2.2) 


where  the  subscript  "a"  denotes  ’’after"  adaption  and  "b"  denotes  "before" 

adaption.  Shown  in  Pig.  2  is  a  parametric  representation  of  cancellation 

2 

(assuming  C  **  o  )  vs  20  log(l  +  o^)  and  to  illustrate  the  tight  tolerances 
required  to  achieve  high  values  of  cancellation.  Thus  to  achieve  -AO  dB  of 
cancellation,  as  an  example,  requires  that  the  rms  amplitude  and  phase  varia¬ 
tions  between  channels  be  no  more  than  0.09  dB  and  0.57  degree,  respectively. 
Fig.  2  clearly  points  out  the  necessity  of  matching  the  N  signal  flow  paths 
of  the  processor  very  closely  if  large  values  of  cancellation  are  required. 
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Fig.  2.  Parametric  representation  of  the  tracking  error  o^  vs 
amplitude  and  phase  mismatched,  20  log1ft(l+o  )  and  a,,  respec¬ 
tively  (after  Mayhan  [9]).  u  a  9 


III.  DESIGN  APPROACH 


In  order  to  realize  weighting  circuits  with  low  levels  of  mismatch  errors, 
one  must  carefully  consider  both  the  circuit  topology  and  the  components  used  in 
fabricating  the  weight  circuits.  In  some  applications  the  weighting  function 
can  be  accomplished  simply  by  using  an  attenuator  and  phase  shifter  in  series. 

One  limitation  of  this  circuit  is  the  inability  of  the  attenuator  to  turn  off 
completely  due  to  the  limited  dynamic  range  of  real  attenuators.  Also,  and 
perhaps  more  importantly,  it  is  difficult  to  control  this  type  of  weight  circuit 
using  control  voltages  specified  as  "inphase",  V^,  and  "quadrature  phase",  V^, 
rather  than  in  terms  of  "amplitude"  and  "phase".  It  is  also  very  difficult  to 
devise  a  phase  shift  circuit  which  can  achieve  full  phase  control  (0°  to  360°) 
at  these  low  frequencies  with  low  dispersion.  Circuits  which  produce  phase 
shift  directly  as  a  result  of  changes  in  time  delay  (such  as  in  switched  delay 
line  phase  shifters)  generate  relatively  large  time  delay  mismatches,  and  con¬ 
sequently  are  highly  dispersive.  Other  types  of  phase  shift  circuits  in  which 
phase  shifts  are  produced  by  reactive  loading  of  transmission  lines  are  also  not 
suited  for  our  application  because  of  their  limited  phase  shift  per  section,  and 
relatively  small  bandwidth. 

There  are  other  network  topologies,  however,  in  which  weighting  can  be 
achieved  without  the  necessity  of  producing  phase  shift  directly.  For  example, 
complex  weighting  can  be  accomplished  using  fixed  power  division  and  fixed  phase 
shifts  and  only  one  variable  component,  an  attenuator.  Two  such  circuits  for 
accomplishing  this  are  illustrated  in  Fig.  3  and  Fig.  4.  In  both  of  these 
circuits,  complex  weighting  is  accomplished  by  separating  the  input  signal  into 
a  number  of  nearly  equal  amplitude,  orthogonal  phase  components.  Each  component 
is  then  attenuated  and  summed  to  produce  an  output  signal  whose  amplitude  and 
phase  can  be  controlled  by  changing  the  relative  attenuation  of  each  component. 

The  circuit  in  Fig.  3  does  this  by  generating  four  components  (with  relative 
phases  of  0°,  -90°,  -180°  and  -270®)  which  are  each  separately  attenuated  and 
summed  to  produce,  in  principle,  any  desired  attenuation  or  phase  shift.  However, 
as  a  practical  matter,  the  dynamic  range  of  the  attenuators  and  the  degree  to 


OUTPUT 


Fig.  4.  Weight  circuit  using  fixed  phase  shifters,  two  attenu 
ators,  two  biphase  modulators  and  one  two-way  combiner. 


to  which  the  frequency  response  of  the  attenuators  can  be  matched  as  a  function 
of  frequency  will  determine  the  ultimate  performance  of  this  circuit.  Letting 
A^,  A2,  A^,  and  A^,  represent  the  attenuator  settings  associated  with  the  0°, 
-180°,  -90°  and  -210*  signal  paths,  respectively,  the  magnitude  and  phase  at 
the  output  can  be  written  as 


|w|  -  \  f(A1-  A2)2  +  (A3  -  A,)2)] 


1/2 


-tan 


-1 


A3  -  V 
\  ~  A2 


(3.1) 

(3.2) 


By  choosing 

Aj  ■  1  -  |Vj| 

*2  "  lWll 

A3  -  1  -  IV 

\  ■  IV 

where  -1  <  Vj  <  +1,  -1  <  <  +1  are  the  weight  control  voltages,  Eqns.  (3.1) 

and  (3.2)  reduce  to 


|W|  -  \  [(1  -  2|VX|)2  +  (1  -  2|V  |)2] 


1/2 


*  -tan 


-1 


(3.3) 

(3.4) 


It  can  be  noted  from  Eqs.  (3.3)  and  (3.4)  that  although  any  amplitude  or  phase 
shift  can  be  obtained  by  varying  only  attenuation,  the  cost  of  achieving  this 
flexibility  comes  about  in  terms  of  an  increase  in  circuit  loss  compared  to  a 
direct  phase  shifter-attenuator  weight  circuit.  Assuming  that  the  magnitude  of 
the  weight  is  always  less  than  unity  (i.e.,  and  cannot  both  simultaneously 
have  magnitude  of  one),  the  minimum  insertion  loss  which  will  permit  any  value 
of  phase  shift  is  12  dB. 
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A  reduction  of  6  dB  in  Insertion  loss  can  be  obtained,  compared  to  that  of 
Fig.  3,  by  using  an  alternate  weight  circuit  design  shown  in  Fig.  4.  In  this 
circuit  the  input  signal  is  divided  into  two  phase  quadrature  components  (with 
relative  phase  of  0°  and  -90°).  Each  component  is  attenuated,  passed  through  a 
biphase  modulator  (producing  a  relative  phase  shift  of  0°  or  180°)  and  then 
summed  to  produce  the  output  signal  whose  magnitude  and  phase  are  given  by 

M  =i  k2  +  vn2l  1/2  (3.5) 


2  2 
V  +  V 
I  VQ 


fl  VI 


(3.6) 


where  we  have  assumed 


lVll  •  A2  “  IV  and 


I+1 

o 

Li 

Vx<  0 

i+1 

VQ>° 

Li 

VQ<0 

(3.7) 


(3.8) 


This  circuit  is  similar  to  that  in  Fig.  3  in  that  it  produces  four  quadrature 
signals;  however,  unlike  the  previous  circuit  in  which  all  four  components  are 
generated  simultaneously,  only  two  of  the  four  quadrature  components  are  present 
in  the  circuit  of  Fig.  4  at  any  one  time.  The  net  effect  of  this  is  that  a 
single  two-way  combiner  can  be  used  in  Fig.  4  as  contrasted  to  the  four  way 
combiner  in  Fig.  3;  this  results  in  less  combiner  loss  and  a  6  dB  reduction  in 
the  circuit  insertion  loss.  Consequently,  because  of  its  lower  loss  and  use  of 
fewer  components,  the  weight  circuit  configuration  in  Fig.  4  was  selected  for 
use  in  the  adaptive  processor. 


IV.  WEIGHT  CIRCUIT  DESCRIPTIONS 


The  two  sets  of  PIN  diode  weight  circuits  which  were  built  and  tested  In 
the  adaptive  processor  differ  fundamentally  In  how  the  attenuator  and  biphase 
modulator  circuits  In  Fig.  4  are  realized.  For  discussion  purposes  we  refer  to 
the  first  set  of  circuits  as  narrowband  weights  in  contrast  to  the  second  set 
which  were  found  to  have  better  performance  over  a  much  wider  bandwidth  and  are 
referred  to  as  broadband  weights. 

4.1  Narrowband  Weight  Circuits 

Fig.  5  illustrates  the  circuit  design  for  the  narrowband  weight  which 
combines  the  functions  of  the  attenuator  and  biphase  modulator.  With  this 
circuit  attenuation  and  biphase  modulation  can  both  be  achieved  by  controlling  a 
pair  of  PIN  diodes  which  are  connected  to  the  0°  and  -90°  ports  of  a  quadrature 
hybrid  power  divider.  With  an  input  signal  applied  to  port  A  of  the  hybrid,  the 
output  signal  at  port  D  is  proportional  to  the  magnitude  and  phase  of  the  reflec¬ 
tion  coefficients  produced  by  the  PIN  diodes  at  ports  B  and  C,  l.e.. 


-j<P,  + 


p2) 


“in 


(4.1) 


where  E^  is  the  output  signal,  E^  the  input  signal  and  p^  and  P2  the  PIN 
diode  reflection  coefficients  which  can  be  expressed  as 


,  ,  »1.2fI)  -  80 

Pl,2<  -  S12(I)  +  a0 


(4.2) 


i.  _(I)  *  PIN  diode  impedance  (function  of  I) 

Zq  =  transmission  line  characteristic  impedance 
I  -  diode  bias  current 


Thus  by  adjusting  the  diode  bias  currents,  the  reflection  coefficients  can  be 
made  to  vary  from  approximately  +1  to  -1,  which  corresponds  to  changing  the 
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OUTPUT 


Fig.  5.  Attenuator/modulator  circuit  used  in  the  narrowband 
PIN  diode  weight  circuit. 


diode  impedance  from  a  very  large  value  open  circuit)  to  a  small  value 
(<v  short  circuit),  respectively.  Furthermore,  reflections  from  the  diodes 
which  propagate  toward  the  input  port  add  out  of  phase  (i.e.,  -  p2) 

resulting  in  a  good  impedance  match  (to  the  extent  that  p^  and  p2  can  be  made 
the  same)  over  the  full  attenuation  range. 

The  two  principal  limitations  of  this  particular  circuit  are  its  limited 
dynamic  range  and  narrow  bandwidth.  To  produce  a  large  attenuation  requires 
that  the  reflection  coefficient  of  both  diodes  be  made  small,  which  in  turn 
requires  that  the  diode  impedances  be  controlled  very  closely  and  matched  to 
the  characteristic  impedance  of  the  transmission  line  (in  this  case  50  ohms). 
Attenuation  levels  in  excess  of  40  dB  correspond  to  reflection  coefficients 
less  than  0.01,  which  are  difficult  to  achieve  in  practice  and  require  that 
the  diode  impedance  deviate  less  than  +0.5  ohm  from  50  ohms  over  the  IF  band¬ 
width.  A  second  problem  has  to  do  with  the  fact  that  the  PIN  diode,  which  can 
be  modeled  as  a  variable  resistance  in  parallel  with  a  capacitance,  has  an 
effective  reactance  which  changes  with  attenuation  thereby  producing  an  attenu¬ 
ation  and  frequency  dependent  phase  shift,  and  degraded  tracking  performance. 

Eq.  (4.1)  expresses  the  output  of  the  narrowband  attenuator /modulator 
circuit  in  terms  of  the  signals  reflected  by  the  PIN  diodes.  These  signals  are 
normally  referred  to  as  weighted  output  signals  to  distinguish  them  from  other 
spurious,  non-weighted  signals  which  also  occur  at  the  output  due  to  imperfec¬ 
tions  in  the  circuit.  We  have  found  that  a  good  model  for  the  narrowband  weight 
circuit  is  an  ideal,  frequency  independent  weight  shunted  by  a  non-weighted 
feed-through  path.  The  amount  of  feed-through  can  be  characterized  by  an  isola- 
tlon  parameter,  |y|  »  and  a  time  delay,  t'.  In  the  circuit  of  Fig.  5,  the 
input- to-output  isolation  of  the  hybrid  power  divider  is  generally  limited  to 
values  of  30  to  40  dB  .i.-id  consequently  is  a  primary  source  of  weight  feed¬ 
through.  As  a  result,  'mere  exist  signals  at  the  output  which  "leak"  through 
the  hybrid  power  divider  (i.e.,  the  non-weighted  signal)  and  combine  with  the 
PIN  diode  reflected  signals  (the  weighted  signals)  to  produce  an  output  signal 
given  by 


(4.3) 


Eq  -  <peJwT  j  y  | 2  ejWT  ) 

where 

p  •>  PIN  diode  reflection  coefficients  (assumed  to  be  equal) 

2 

1 Y 1  =  non-weighted  feed-through  level  (i.e. ,  the  hybrid  isolation) 

t  =  time  delay  of  the  weighted  signal  path 

t 

t  *  time  delay  of  the  non-weighted  signal  path 

The  implications  of  Eq.  (4.3)  on  the  weight  tracking  performance  are  quite 
serious  unless  the  non-weighted  feed-through  signals  can  be  maintained  at 

I 

sufficiently  low  levels,  and  the  time  delay  difference.  At  ■  t  -  t  ,  minimized. 
[41 

Analysis  has  shown  that  the  frequency  variations  of  the  feed-through  signals 
over  the  nulling  bandwidth  cannot,  in  general,  be  compensated  for  by  the  weight 
control  circuitry,  and  hence  the  feed-through  signals  degrade  the  cancellation 
level.  The  amount  by  which  the  cancellation  level  is  degraded  depends  upon 
the  extent  to  which  the  feed-through  signals  are  correlated  from  one  weight 
circuit  to  another,  and  for  the  two  cases  in  which  the  signals  are  uncorrelated 
and  correlated  the  following  bounds  on  the  cancellation  level  are  obtained, 

o  n 

C  =  N  |  y  |  <$  (uncorrelated) 

2  (4.4) 

C  =  N2|y|2  ^3At^  (correlated) 


where 

N  *  number  of  weight  circuits 
2 

6  *  rms  channel  tracking  error 

BW  *  nulling  bandwidth 

f 

At  »  t  -  t  ,  time  delay  between  the  weighted  path  and  feed-through  path 
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Eq.  (4.4)  clearly  points  out  the  necessity  of  minimizing  weight  feed-through, 
particularly  feed-through  signals  which  are  correlated  from  weight  to  weight 
such  as  those  arising,  for  example,  from  the  finite  isolation  of  the  hybrid 
power  dividers. 

In  order  to  minimize  the  weight  feed-through  signals,  each  narrowband 
weighting  circuit  was  fabricated  using  special  high-performance  lumped  element 
hybrid  power  dividers  selected  to  have  a  minimum  input-output  isolation  of 
35  dB  over  the  10  MHz  IF  bandwidth.  Measurements  were  made  by  testing  various 
hybrids  with  selected  PIN  diodes,  and  choosing  the  best  combination  of  diodes 
and  hybrids  to  maximize  the  isolation  level.  With  this  procedure,  isolation 
levels  of  35  to  40  dB  were  achieved  over  a  10  MHz  bandwidth  centered  at  the  IF 
frequency  of  121.4  MHz.  Unfortunately,  as  will  be  shown  later,  even  these  low 
isolation  levels  are  too  large  to  achieve  cancellation  levels  of  40  dB  over 
bandwidths  larger  than  about  five  percent. 

The  eight  narrowband  weight  circuits  were  assembled  in  separate  modules 
measuring  5.50  x  5.50  x  1.625  inches.  Fig.  6  illustrates  the  physical  layout  of 
a  complete  weight  circuit,  with  the  top  cover  removed  to  expose  the  RF  circuit. 
Located  at  the  input  of  the  RF  circuit  is  a  two-way  power  divider  which  is  used 
to  separate  the  channel  signal  into  two  parts,  with  one  signal  being  applied  to 
the  weight  circuit  and  the  other  to  the  analog  feedback  circuit  for  control  of 
the  weight  (see  Fig.  1).  The  components  used  in  fabricating  the  weight  circuits 
are,  for  the  most  part,  standard  catalog  items.  The  single  exception  is  the 
quadrature  hybrid  power  dividers  which  are  used  in  the  attenuator  circuit;  these 
hybrids  were  procured  separately  to  meet  the  special  isolation  requirements. 

The  biasing  signals  for  controlling  the  PIN  diodes  are  supplied  by  the 
driver  circuit,  located  on  a  separate  printed  circuit  card  mounted  below  the  RF 
circuit  (see  Fig.  7).  Included  on  this  card  are  the  linearizer  and  drive 
circuits  for  controlling  the  "I"  and  "Q"  attenuator /modulation  circuits.  A 
three  segment  diode-resistance  shaping  network  is  used  as  the  linearizer 
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Fig.  6.  Narrowband  PH  diode  weight  circuit  with  top  cover 
removed  to  illustrate  the  RF  circuit. 


Pi 


circuit  to  partly  compensate  for  the  non-linear  response  of  the  PIN  diodes. 
Uith  this  circuit  it  is  possible  to  produce  attenuation  which  is  a  linear 
function  of  the  control  voltage  over  a  range  of  approximately  30  dB.  Beyond 
30  dB,  the  attenuator  linearity  gradually  deteriorates  as  the  weighted  signal 
level  approaches  the  level  of  the  feed-through  signals. 

4.2  Broadband  Height  Circuits 


The  broadband  PIN  diode  weight  circuits  are  capable  of  operating  over  wider 
bandwidths  with  improved  tracking  performance  in  comparison  to  the  narrowband 
weight  circuits.  To  obtain  this  improved  performance,  the  attenuator/modulator 
circuit  was  designed  as  shown  in  Fig.  8,  using  a  broadband  PIN  diode  attenuator 
for  amplitude  control,  and  a  double  balanced  mixer  (operating  as  a  biphase 
modulator)  for  0  or  180°  phase  control.  The  attenuator  circuit  was  constructed 
by  cascading  two  pi  attenuators  so  that  each  attenuator  operates  over  only  one- 
half  of  the  total  dynamic  range.  Operating  the  attenuators  in  this  manner 
reduces  the  range  of  impedances  over  which  the  PIN  diodes  operate  which  tends  to 
minimize  phase  changes  Introduced  by  the  varying  reactance  of  the  PIN  diodes. 


Before  discussing  the  PIN  diode  attenuator  circuit  let  us  first  describe 
the  operation  of  the  simple  resistive  pi  attenuator  shown  in  Fig.  9.  With  this 
circuit  one  can  theoretically  achieve  any  value  of  attenuation  with  a  perfect 
match  at  the  input  and  output  ports  provided  that  the  series  and  shunt  resis¬ 
tors,  and  respectively,  are  given  by 


R1  “  Z0 


K2  -  1 


2K 


r2  -  a 


K  +  1 
0  K  -  1 


(4.5) 

(4.6) 


where 


10 


A/ 20 


(4.7) 


A  is  the  attenuation  (in  dB),  and  2^  the  characteristic  impedance  of  the 
transmission  line  connecting  the  input  and  output  ports.  Table  2  illustrates 
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Fig.  8.  Broadband  attenuator/modulator  circuit  consisting  of 
a  double  pi  attenuator  and  a  double  balanced  mixer  operated 
as  a  biphase  modulator. 
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the  values  of  the  series  and  shunt  resistances  required  at  various  attenuation 
settings  over  a  40  dB  dynamic  range.  It  can  be  noticed  that  as  the  attenuation 
becomes  small  the  series  resistance  approaches  zero  ohms  as  expected,  and  the 
shunt  resistance  approaches  infinity.  At  the  other  extreme,  when  large  atten¬ 
uations  are  needed,  the  series  resistance  approaches  infinity  and  the  shunt 
resistance  approaches  «5q. 

TABLE  2 

SERIES  AND  SHUNT  RESISTANCE  VALUES  FOR  A 
PI-ATTENUATOR  CIRCUIT  vs  ATTENUATION 
(Bq  •  50  ohms) 

Attenuation  R1  R2 


dB) 

(ohms) 

(ohms) 

0 

0 

ao 

1 

2.5 

2000.4 

10 

71.1 

96.3 

20 

247.5 

61.1 

30 

790.0 

53.3 

40 

2500.0 

51.0 

When  PIN  diodes  are  used  as  the  elements  in  a  variable  pi  attenuator,  the 
minimum  attenuation  is  generally  limited  to  roughly  1  dB  due  to  the  large  bias 
currents  required  to  achieve  the  small  resistance  in  the  series  diode.  The 
maximum  attenuation,  on  the  other  hand,  is  determined  by  the  extent  to  which 
the  series  diode  can  be  turned  "off".  Unfortunately,  as  the  series  diode  is 
turned  "off",  its  junction  capacitance  becomes  an  important  component  in  the 
diode  impedance,  and  the  resulting  parallel  RC  network  formed  by  the  diode 
resistance  and  the  parallel  junction  capacitance  introduces  a  phase  shift 
which  varies  with  attenuation.  For  small  values  of  attenuation  (<  20  dB) 
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the  change  in  phase  with  attenuation  is  generally  quite  small,  but  Increases 
rapidly  with  attenuation  and  can  approach  80°  or  more  for  a  40  dB  attenuation 
change.  One  method  for  minimizing  this  phase  change  is  to  use  two  attenuator 
sections  cascaded  together  where  each  attenuator  is  operated  over  one-half  the 
total  attenuation  range. 

Fig.  10  illustrates  the  schematic  diagram  of  the  double  pi  attenuator  used 
in  the  broadband  weight  circuits.  The  attenuator  consists  of  two  pi  sections 
cascaded  together,  and  is  designed  to  operate  with  two  bias  signals,  one  vari¬ 
able  for  controlling  the  attenuation  and  one  fixed  for  obtaining  the  impedance 
match  at  the  input  and  output  ports.  The  PIN  diodes,  represented  by  Dl,  Dl',  D2, 
D2 '  and  D3,  assume  the  role  of  the  series  and  shunt  resistors  in  a  conventional 
pi  attenuator.  However,  instead  of  using  three  diodes  for  each  attenuator 
section  for  a  total  of  six  diodes,  the  circuit  in  Fig.  10  is  configured  so  that 
D3  is  shared  between  the  two  pi  sections.  The  remaining  resistors  and  capaci¬ 
tors  form  the  Impedance  matching  and  diode  biasing  circuits. 

To  understand  the  operation  of  the  circuit  in  Fig.  10  let  us  assume  for  the 
moment  that  a  fixed  negative  voltage  is  applied  to  the  fixed  bias  port,  and  the 
variable  bias  port  is  open  circuited  so  that  diodes  Dl  and  Dl'  are  "off".  This 
condition  corresponds  to  maximum  attenuation  since  the  series  diode  impedance  is 
at  its  maximum  value;  this  condition  also  leads  to  maximum  phase  shift  (and 
hence  maximum  dispersion)  as  described  previously,  so  that  in  practice  the 
maximum  attenuation  must  be  limited,  to  50  dB  or  less,  by  preventing  Dl  and  Dl' 
from  completely  turning  "off".  Obtaining  the  proper  impedance  match  at  the 
input  and  output  ports  requires  that  the  input  impedance  at  each  port  be  approx¬ 
imately  50  ohms  (assuming  Zq  -  50  ohms) .  This  is  achieved  by  applying  a  nega¬ 
tive  voltage  at  the  fixed  bias  port,  and  selecting  the  values  of  Rl,  Rl',  R2, 

R2',  R3  and  R4  so  that  diodes  D2,  D2'  and  D3  conduct  to  produce  an  effective 
input  and  output  impedance  of  Zq.  As  the  voltage  at  the  variable  bias  port  is 
made  negative,  diodes  Dl  and  Dl'  begin  to  conduct  currents,  I£  and  Ic',  through 
the  dc  circuit  formed  by  Rl,  Dl  and  R5,  and  Rl* ,  Dl'  and  R5',  respectively. 

This  current  flow  causes  the  impedance  of  Dl  and  Dl'  to  become  smaller  which. 
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in  turn,  reduces  the  circuit  attenuation.  Correspondingly,  as  Ic  and  I  ' 
increase,  the  voltage  across  the  input  and  output  resistors,  and  V  ',  becomes 
more  negative  which  causes  less  current  flow  through  02,  D2'  and  D3.  With  these 
diodes  now  conducting  less  current,  their  Impedance  increases,  thereby  producing 
a  larger  shunt  resistance  across  the  circuit  a*  the  input  and  output  ports.  As 
the  attenuation  is  reduced  further,  the  voltage  drop  across  R1  and  Rl',  due  to 
the  large  currents  through  D1  and  01',  will  eventually  approach,  or  exceed  the 
fixed  bias  voltage,  so  that  no  current  will  flow  through  D2,  D2'  and  D3.  In 
this  state,  D2,  D2'  and  D3  are  "off"  and  the  shunt  circuit  impedance  is  at  its 
maximum  value.  Therefore,  with  the  proper  selection  of  the  bias  resistors,  the 
fixed  bias  voltage  and  the  diode  resistance  vs  current  characteristics,  one  can 
control  the  variation  of  the  shunt  impedance  so  that  the  impedances  at  the  input 
and  output  ports  are  reasonably  well  matched  to  the  transmission  line  over  the 
full  attenuation  range.  The  component  values  shown  in  Fig.  10  are  those  values 
which  give  the  best  overall  circuit  performance  as  determined  from  measurements 
and  computer  simulations  of  the  circuit 

Because  of  the  large  number  of  different  components  used  in  the  broadband 
weight  circuit,  it  was  decided  to  fabricate  the  RF  circuit  using  microwave 
hybrid  integrated  techniques  as  a  means  for  reducing  the  circuit  size  and  for 
minimizing  circuit  parasitics.  Each  double  pi  attenuator  circuit  was  fabri¬ 
cated  on  a  separate  one- inch  square  alumina  substrate,  0.025-inch  thick, 
using  gold  metalization,  thin-film  ceramic  chip  resistors,  low  loss  miniature 
porcelain  ceramic  chip  capacitors,  and  chip  PIN  diodes.  The  individual  com¬ 
ponents  were  attached  to  the  substrate  using  either  gold  epoxy  or  gold  bonding 
wires.  The  quadrature  hybrid  power  divider  used  at  the  input  of  the  weight 
circuit  was  attached  to  a  second  one-inch  square  substrate  while  a  third 
substrate,  1x2  inches,  was  used  for  mounting  the  two  biphase  modulators  and 
output  power  combiner.  Fig.  11  illustrates  a  completed  RF  weight  module 
showing  the  interconnection  of  the  various  substrates,  the  input/output  RF 
connectors,  and  the  weight  control  Inputs.  To  complete  the  assembly  of  the 
broadband  weight  circuit,  the  RF  weight  module  was  connected  to  a  second  module 
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containing  a  two-way  power  divider,  and  both  modules  were  mounted  on  a  flat 
plate  containing  the  weight  driver  electronics.  Photographs  of  a  complete 
weight  assembly  are  illustrated  in  Fig.  12  and  Fig.  13. 


Fig.  13.  Rear  side  view  of  broadband  PIN  diode  weight  nodule 
showing  driver  circuit. 


V. 


SINGLE  WEIGHT  PERFORMANCE 


5.1  Narrowband  Weight  Circuits 

Initial  testing  of  the  narrowband  weight  circuits  was  concerned  with 
evaluating  the  performance  of  the  "I"  and  "Q"  attenuator/biphase  modulator 
circuits,  followed  by  measurements  on  a  complete  weight  circuit.  The  measured 
performance  of  a  typical  circuit  showing  the  attenuation  and  phase  of  the  output 
signal  as  a  function  of  control  voltage  is  shown  in  Fig.  14  for  control  voltages 
over  the  range  from  +  1  volt  (0  dB)  to  +  0.003  volt  (50  dB) .  From  Fig.  14  the 
following  observations  can  be  made: 

1.  The  relative  attenuation  is  linear  with  control  voltage  (to  within 
+  1  dB)  over  approximately  30  dB. 

2.  The  dynamic  range  of  attenuation  is  limited  to  approximately  35  dB. 

3.  Insertion  phase  is  relatively  constant  for  small  attenuations 
(<  10  dB)  but  increases  rapidly  at  higher  attenuation  levels. 

Increasing  the  dynamic  range  significantly  beyond  35  dB  is  very  difficult 
with  this  circuit  design  because  of  the  limitations  in  fabricating  hybrid 
power  dividers  with  isolation  levels  higher  than  about  35  dB  over  the  full 
10  MHz  IF  bandwidth.  Also,  for  a  large  dynamic  range  it  becomes  increasingly 
more  difficult  to  select  pairs  of  diodes  whose  resistances  track  sufficiently 
well.  To  achieve  40  dB  of  attenuation,  for  example,  requires  that  both  diodes 
be  set  within  0.5  ohm  of  50  ohms  (simultaneously)  over  the  IF  band.  As  a  means 
for  determining  diodes  best  suited  for  this  application,  measurements  were  made 
on  several  diodes  from  different  manufacturers,  in  various  configurations 
(ceramic  "pill"  packages  and  axial  lead  glass  encapsulated  diodes)  with  carrier 
lifetimes  ranging  from  0.1  usee  to  2  usee.  Final  selection  was  based  on  resis¬ 
tance  tracking  characteristics  and  Intermodulation  performance.  After  consider¬ 
able  testing,  the  diode  selected  was  an  axial  lead,  glass  encapsulated  PIN  diode 
(GHz  Devices  Model  4433)  having  a  2  usee  lifetime. 

The  choice  of  diode  lifetime  was  dictated  largely  by  the  intermodulation 
(IM)  performance  and  the  fact  that  higher  levels  of  intermodulation  were 
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Fig.  14.  Attenuation  and  phase  response  of  the  "I"  channel  of 
weight  #2  vs  control  voltage,  V  ,  at  125  MHz. 


observed  in  diodes  having  lifetimes  less  than  1  Msec.  Since  the  diode  lifetime 
is  a  measure  of  the  time  required  for  stored  charge  in  the  I  region  to  be 
depleted  by  recombination  once  the  forward  bias  is  removed,  it  cannot  be  chosen 
too  large  so  as  to  limit  the  diode  response  time.  That  is,  for  a  maximum  IF 
bandwidth  of,  say,  500  KHz,  the  diode  should  be  capable  of  responding  in  2  psec 
or  less,  and  as  a  rule  of  thumb,  diodes  having  lifetimes  of  2  psec  or  less  would 
satisfy  this  requirement. 

Intermodulation  measurements  were  made  by  inputting  two  equal  amplitude  cw 
tones  (at  -10  dBm)  separated  in  frequency  by  20  KHz  (121.87  and  121.89  MHz) 
and  measuring  the  two  tone  and  third  order  IM  products  at  the  output  using 
a  spectrum  analyzer  (the  fifth  and  higher  order  products  were  found  to  be 
negligible).  Tests  conducted  on  the  attenuator  circuits  using  different  diodes 
have  shown  that  in  all  cases  the  intermodulation  level  increases  with  attenu¬ 
ation,  reaching  a  maximum  level  when  the  circuit  attenuation  is  approximately 
at  its  maximum  value;  that  is,  when  both  PIN  diodes  are  biased  near  50  ohms  and 
are  absorbing  maximum  RF  power.  However,  there  was  a  significant  difference 
noted  in  the  IM  level  which  depended  upon  the  diode  lifetime.  For  an  attenu¬ 
ator  circuit  using  0.1  psec  lifetime  diodes  biased  for  approximately  30  dB 
attenuation,  the  third  order  IM  level  was  -52  dBm,  12  dB  below  the  -40  dBm 
tone  outputs.  In  order  to  satisfy  the  intermodulation  specification  (see 
Table  1) ,  it  was  necessary  to  use  diodes  with  a  2  psec  lifetime  (GHz  Devices 
Model  4433).  Using  these  diodes,  the  third  order  intercept  exceeded  +15  dBm 
at  minimum  attenuation  and  at  30  dB  attenuation,  the  IM  level  was  -75  dBm,  or 
35  dB  below  the  two-tone  output  level. 

IM  measurements  were  also  conducted  on  the  full  weight  circuits  to  assess 
their  performance  as  a  function  of  weight  setting.  The  measurements,  in  this 
case,  were  conducted  as  before  except  that  one  of  the  attenuator  circuits  was 
left  full-on  (i.e.,  at  maximum  attenuation)  while  the  other  attenuator  was 
varied  over  its  full  range.  Fig.  15  illustrates  the  signal  levels  at  the 
output  of  the  weight  circuit  as  a  function  of  the  relative  weight  setting.  The 
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Fig.  15.  Intermodulation  measurements  for  narrowband  weight  circuit. 
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data  presented  here  represents  the  worst  case  performance  since  one  of  the 
attenuators  is  always  set  for  maximum  attenuation,  a  condition  which  produces 
maximum  IM  level.  Under  these  conditions  the  IM  level  is  essentially  constant 
over  the  full  range  of  weight  attenuation,  at  a  level  of  approximately  -62  dBm 
when  two  0  dBm  input  tones  are  applied  at  the  input*. 

Fig.  15  also  illustrates  that  a  full  weight  circuit  can  achieve  an  attenu¬ 
ation  which  is  larger  than  that  obtained  with  either  the  "I"  or  "Q"  attenuator 
circuits  (typically  35  dB).  This  occurs  because,  at  a  fixed  frequency,  the 
weighted  output  signal  can  be  adjusted  so  as  to  cancel  any  non-weighted  (i.e., 
feed-through)  signals  which  occur  at  the  output.  Thus,  at  a  single  frequency,  a 
very  large  value  of  attenuation  can  be  produced.  However,  over  a  frequency  band 
the  maximum  attenuation  can  vary  widely  depending  upon  the  level  of  the  feed¬ 
through  signal  and  the  time  delay  difference  between  the  weighted  and  non- 
weighted  signal  component  (See  Eq  .  4.3).  Fig.  16  illustrates  a  typical  response 
of  a  single  weight  circuit  versus  frequency  when  the  weight  has  been  adjusted 
for  maximum  attenuation  at  the  IF  center  frequency  (121.4  MHz).  It  can  be 
observed  that  the  attenuation  increases  rapidly  with  frequency  away  from  the 
center  frequency  and  that  over  the  10  MHz  bandwidth  the  maximum  attenuation 
remains  below  45  dB**. 


Since  the  weight  circuit  and  the  two-way  divider  circuit  preceding  the  weight 
circuit  are  contained  on  the  same  RF  microstrip  circuit  (see  Fig.  6),  the 
input  signal  level  at  the  two-way  divider  input  is  0  dBm,  and  approximately 
-3  dBm  into  the  weight  circuit. 

It  should  be  noted  that  45  dB  is  the  minimum  value  of  maximum  attenuation  over 
a  10  MHz  band  when  the  weight  is  adjusted  to  form  a  null  at  the  IF  center  fre¬ 
quency.  Operating  the  weight  in  this  fashion  is  permissible  when  the  phase 
of  the  weight  is  not  important,  such  as  when  a  channel  is  being  turned  off. 
However,  the  maximum  weight  which  can  be  achieved  for  an  arbitrary  phase 
setting  is  determined  by  the  dynamic  range  of  the  attenuator  circuit  which, 
in  this  case,  is  approximately  35  dB. 
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Fig.  16.  Weight  attenuation  vs  frequency  obtained  by  adjusting 
weight  for  maximum  attenuation  and  sweeping  frequency. 


36 


\ 


The  presence  o£  non-weighted  feed-through  signals  at  the  output  of  the 

weight  circuit  was  found  to  be  highly  detrimental  to  the  tracking  performance, 

and  In  fact,  the  major  factor  limiting  the  performance  of  the  weight  circuits. 

Although  spurious  signals  are  present  at  the  output  of  any  weight  circuit,  those 

occurring  at  the  output  of  the  narrowband  weights  are  particularly  a  problem 

because  they  tend  to  be  correlated  from  weight  to  weight.  As  a  result  of  this 

coherence,  the  spurious  output  signals  tend  to  add  vectorially  resulting  in  an 

2 

output  signal  level  which  increases  as  M  (assuming  equal  feed-through  levels) , 
as  indicated  in  £qn.  4.4,  where  N  is  the  number  of  weight  circuits.  Thus  when 
the  tracking  performance  of  two  weights  is  measured  and  characterized,  the 
equivalent  performance  for  eight  similar  weight  circuits  could  be  a  factor  of 
sixteen  worse  (12  dB) .  Because  of  the  importance  of  channel  matching  on  the 
processor  performance,  extensive  testing  was  done  to  characterize  the  tracking 
performance  of  the  weight  circuits.  These  measurements  are  presented  later, 
in  Section  6. 

5.2  Broadband  Weight  Circuits 

The  overall  performance  of  the  broadband  weight  circuits  was  found  to  be 
substantially  better  than  that  achieved  with  the  narrowband  weight  circuit.  A 
large  part  of  this  is  due  to  Improvements  made  in  the  design  and  fabrication  of 
the  weight  attenuator  circuit.  Since  each  attenuator  is  mounted  on  a  separate 
substrate,  each  circuit  was  tested  individually  and  the  driver  circuit  adjusted 
to  optimize  the  insertion  loss,  return  loss  and  linearity  of  the  attenuator 
prior  to  Installation  into  the  weight  module.  This  resulted  in  a  substantial 
improvement  in  the  overall  weight  performance. 

Figure  17  illustrates  the  typical  performance  characteristics  of  the 
double  pi  attenuator.  It  is  capable  of  achieving  a  dynamic  range  of  50  to 
60  dB  with  a  linearity  of  approximately  +  2  dB  over  the  full  range,  a  phase 
shift  with  attenuation  of  less  than  20  degrees  over  a  40  dB  range,  and  a 
return  loss  which  averages  15  to  20  dB  (VSWR  <  1.3).  Over  the  10  MHz  IF 
bandwidth  the  attenuation  and  phase  shift  were  essentially  constant,  varying 
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Fig.  17.  Attenuation,  return  loss  and  phase  shift  as  a  function 
of  control  voltage  at  121.4  MHz  for  a  double  pi  attenuator  circuit. 


38 


less  chan  +  0.05  dB  at  40  dB  and  +  0.9°  (worst  case),  reapecCively.  Measured 
results  showing  the  attenuation  for  several  values  of  control  voltage  are 
plotted  In  Figure  18  as  a  function  of  frequency  over  a  500  MHz  bandwidth. 

As  with  the  narrowband  attenuator  circuit,  a  series  of  measurements  was 
conducted  to  determine  the  IM  performance  of  the  double  pi  attenuator  and  the 
weight  circuits;  these  results  ara  presented  In  Figures  19  and  20,  respec¬ 
tively.  The  data  In  both  figures  were  obtained  by  applying  two  0  dBm*  cw 
tones  at  the  input  and  measuring  at  the  output  the  two  tone  and  IM  levels.  For 
both  circuits,  the  IM  level  was  found  to  be  acceptable  and  considerably  lower 
than  those  measured  in  the  narrowband  weight  circuit.  The  IM  performance  of 
the  attenuator  circuit  (l.e.,  the  IM  level  vs  attenuation)  was  found  to  be 
essentially  independent  of  the  input  level  when  measured  at  +10  dBm  and  -10  dBm 
(except  of  course  for  the  characteristic  3  dB/dB  change  in  the  absolute  IM 
level).  That  is  to  say,  the  third  order  two  tone  Intercept  point,  when  referred 
to  the  output,  was  found  to  be  constant  (+23  dBm  at  0  dB  attenuation)  for  Input 
levels  less  than  +10  dBm  (no  measurements  were  made  above  +10  dBm).  The  weight 
modules,  on  the  other  hand,  were  observed  to  have  a  third  order  Intercept  point 
which  is  lower  for  +10  dBm  input  tones  than  that  obtained  with  0  dBm  input 
tones  (4  dBm  vs  15  dBm  at  0  dB  attenuation,  respectively).  This  Increase  in  IM 
level  is  apparently  the  result  of  additional  IM  signals  being  generated  by  the 
biphase  modulator  circuit  (the  double  balanced  mixer)  when  it  is  operated  near 
its  compression  point  (specified  as  0  dBm  into  mixer).  Although  operating  the 
weight  circuit  at  higher  input  levels**  represents  some  degradation  in  IM 
performance,  this  was  not  felt  to  be  a  problem  since  the  IM  signals  at  the 
output  are  always  at  least  40  dB  below  the  tyo  tone  level  over  the  full  atten¬ 
uation  range. 


For  the  weight  modules,  which  were  tested  after  final  assembly,  the  input 
signals  were  not  applied  directly  to  the  weight  input  but  to  the  two-way 
divider  circuit  in  front  of  the  weight  circuit  (see  Fig.  12). 

** 


The  highest  input  signal  to  the  weight  circuit  when  installed  in  the 
processor  is  less  than  +7  dBm. 


ATTENUATION  (dB) 


Fig.  19.  Intermodulation  performance  vs  attenuation  for  double 
pi  attenuator. 
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Intermodulation  vs  attenuation  for  broadband  weight  circuit 


VI.  WEIGHT  TRACKING  PERFORMANCE 


6.1  Measurement  Techniques 

The  basic  measurement  system  used  in  characterizing  the  weight  tracking 
performance  is  shown  in  Fig.  21.  It  consists  of  an  RF  source,  a  programmable 
switch  network,  a  network  analyzer  for  measuring  amplitude  and  phase,  D/A 
converters  for  activating  the  switch  relays  and  for  generating  the  weight 
control  signals,  and  a  programmable  desk  top  calculator  for  automating  the 
measurement  and  data  collection  functions.  The  switching  network  is  com¬ 
prised  of  a  set  of  single-pole-double-throw  (SPDT)  switches,  connected  between 
a  4-way  divider /combiner  network,  which  terminate  all  channels  into  matched 
loads  when  not  in  use.  With  the  switch  network  it  is  possible  to  connect 
various  numbers  of  weight  circuits  (up  to  four)  between  the  combiner/divider 
thereby  allowing  measurements  to  be  made  on  single  weights,  any  combination  of 
two  weights,  etc.,  up  to  four  weights.  For  the  measurement  of  single  weights, 
the  switch  network  can  be  removed  and  the  weights  measured  directly  by  con¬ 
necting  them,  one  at  a  time,  between  the  source  and  network  analyzer.  This 
modification  eliminates  the  insertion  loss  and  tracking  errors  associated  with 
the  switch  network,  and  Improves  the  overall  measurement  accuracy. 

One  obvious  requirement  of  the  measurement  system  in  Fig.  21  is  that  the 
switch  network  must  have  tracking  errors  which  are  much  smaller  than  those  of 
the  weighting  circuits  which  are  being  evaluated.  Therefore,  during  the  design 
and  fabrication  of  the  switch  network  considerable  effort  was  devoted  to  mea¬ 
suring  and  adjusting  the  various  channel  transfer  functions  to  be  the  same.  By 
carefully  selecting  components  and  trimming  each  channel  (using  shunt  reactive 
and  resistive  components)  to  modify  its  amplitude  and  phase  response,  it  was 
possible  to  achieve  a  rms  channel  mismatch  difference  of  less  than  0.01  dB  and 
0.1  degree  over  a  50  MHz  measurement  band,  corresponding  to  an  effective  can¬ 
cellation  level  of  approximately  -55  dB  (see  Fig.  2). 

Before  discussing  the  measurement  results  let  us  first  briefly  describe  the 
two  measurement  techniques  used  to  evaluate  the  weight  tracking  performance.  In 
the  first  method,  the  weight  tracking  performance  was  deduced  by  connecting 
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Fig.  21.  Automated  test  set-up  for  characterizing  weight  tracking  performance 
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several  weights  in  parallel  as  shown  in  Fig.  21,  inputting  a  cw  signal  (at  band 
center)  to  the  switch  network  and  adjusting  the  weight  control  voltages  (closed 
loop)  so  as  to  null  the  output  signal.  Once  the  weights  have  adapted  to  null 
the  output  signal,  the  weight  control  voltages  are  fixed  and  the  input  signal 
frequency  is  varied  across  the  measurement  band.  The  variation  in  the  output 
power  versus  frequency  is  a  direct  result  of  differences  in  the  frequency 
response  functions  of  the  weight  circuits,  and  in  fact,  can  be  shown  to  be 
related  to  achievable  cancellation  level1  .  More  will  be  said  about  this 
later. 

In  order  to  drive  the  weights  closed  loop  so  as  to  null  the  output,  all 
that  is  required  is  a  set  of  D/A  converters  for  generating  the  weight  control 
voltages  and  a  digital  algorithm  for  controlling  the  weights.  For  an  Apple- 
baum-Howells  adaptive  loop  of  the  type  used  in  the  adaptive  processor,  each 
weight  circuit  satisfies  a  first-order  differential  equation  of  the  form^ , 

TWk  +  Wk  +  uCk  -  Bk  ,  k  -  1,2 . N  (6.1) 

where  Wfc(t)  -  complex  weight  for  k-th  channel 
wk(t)  -  dWk/dt 

t  *  closed  loop  time  constant 
p  ■  feedback  loop  gain 
Ck(t)  *  complex  output  of  correlator 

Bk  -  complex  steering  signal  specifying  the  quiescent  weight 

setting  obtained  when  no  sources  of  Interference  are  present 
(l.e.,  the  unadapted  weight  setting) 
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Using  the  above  notation  the  processor  output,  VQ(t),  becomes 

V  (t)  -  2  W.  (t)  E.  (t)  (6.2) 

°  All  K  * 

Channels 

and  C^(t)  can  be  expressed  as 

Ck(t)  -  \(t)V*Q  (t)  (6.3) 

where  E^t)  t*ie  complex  signal  into  the  weight  circuit,  and  indi¬ 
cates  a  complex  conjugate. 

To  obtain  a  discrete  time  (recursive)  solution  to  Eq.  (6.1)  suitable  for 
implementation  with  the  digital  controller  in  Fig.  21,  we  make  the  following 
assumptions  and  definitions: 

1.  Assume  the  input  to  the  switch  network  is  a  cw  tone  at  the  center 

of  the  band  (w  ■  u)q) ,  and  denote  the  result  of  the  nth  iteration  on  the 

variables  as  V  (<n  ,  n)  and  C,  (w  ,  n)  where  w  *  2irf  is  the  cw  tone  input 
o  o  ic  o  o  o 

frequency. 

2.  Assume  that  each  weight  can  be  characterized  approximately  as  a 
linear  function  of  its  control  voltage  so  that. 


W, 


k,I 


+  jv. 


k,Q 


where  V,  and  V.  n  are  the  real  and  imaginary  components  of  the  k-th 
weight  control  voltage. 

3.  Approximate  t  as 

T\  -  TVk  -  i  [Vk(n+1)  -  Vk(n)] 
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where 


n  »  1,2,  . . . ,  M  is  the  iteration  number 
Vk(n+1)  ■  (n+1)  -  st  estimate  of 

e  -  iteration  step  size  “v  p/10 

4.  With  each  weight  initially  in  its  full  on  position  (i.e.,  minimum 
attenuation  with  Vj  k  ■  1,  k  ■  0) ,  switch  between  channels  and  sample 
each  channel  in  amplitude  and  phase.  Denote  this  result  as  X^(u>o,0). 

5.  Define  the  equivalent  correlator  output  for  the  recursive  solution 
as 


C^^.n)  -  X^ci^.O)  V*o  (u)o,n) 

Substituting  (1)  -  (5)  into  Eq.  (6.1)  and  noting  that  for  n»l,  B^V^d),  we 
obtain  a  set  of  recursive  equations  in  terms  of  the  complex  weight  control 
voltages , 


Vk(n+1)  -  (1-e)  Vk(n)  -  peX^,  0)  V  q  (u>o,n)  +  eVk(l),  n-1,2. 


M 


(6.4) 


where  V  (w  ,n)  is  the  measured  output  of  the  switch  network  for  the  n-th 
o  o 

Iteration  and  M  is  the  total  number  of  iterations.  After  the  above  iteration 
converges  (as  determined  by  measuring  the  output  power) ,  the  weight  control 
voltages  are  fixed,  and  the  output  power  is  measured  vs  frequency.  The  ratio  of 
the  average  output  power  over  the  measurement  band  before  and  after  convergence 
is  a  measure  of  the  cancellation  obtained  with  the  weight  circuit  and  is  given 
by 

T  /  T 

c-f  E  lV<Vn>|2/!  E  |V0(«rD|2  (6.5) 

j-1  /  J-l 

where  T  is  the  total  number  of  frequencies  at  which  measurements  are  made. 
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In  order  to  use  Eq.  (6.4)  to  drive  the  weights  closed- loop,  one  must 

first  specify  the  initial  conditions  defining  the  steering  voltages,  V^d), 

the  loop  gain  parameter,  p,  and  the  iteration  step  size,  e.  As  an  example  of 

how  these  parameters  might  be  chosen,  let  only  a  single  weight  be  "on"  in  the 

unadapted  state,  so  that  the  steering  vector  is  B*  *  [0, 1,0,0]  where  the  "1" 

appears  in  the  reference  (or  "on")  channel.  (Which  channel  we  choose  as  the 

reference  channel  is  not  arbitrary,  however,  as  it  has  been  shown  that  choosing 

[81 

a  dominant  error  channel  as  reference  degrades  the  performance  significantly1 
In  fact,  if  one  measures  the  nulled  output  power  vs  frequency  for  various 
selections  of  reference  channels,  there  will  be  one  channel  which  yields  the 
best  cancellation.  Thus  a  typical  measurement  scenario  might  consist  of  mea¬ 
suring  the  nulled  output  power  obtained  when  each  of  the  weights  is  selected  as 
a  reference.)  The  selection  of  p  determines  the  extent  to  which  the  output 
power  level  is  reduced,  and  therefore  should  be  chosen  large  enough  to  charac¬ 
terize  the  weight  performance  over  a  large  dynamic  range.  It  was  found  that 

4 

for  most  measurements  choosing  a  value  of  10  for  p  was  adequate  since  this 
value  will  allow  80  dB  of  cancellation  (theoretically)  for  zero  bandwidth 
(i.e. ,  cw  tone  input),  e,  on  the  other  hand,  represents  the  iteration  incre¬ 
ment  and  must  be  small  enough  to  ensure  convergence  but  yet  large  enough  to 
obtain  convergence  with  a  reasonable  number  of  iterations;  values  ranging  from 
1/2  p  to  1/10  p  were  found  to  be  adequate  for  most  measurements. 

When  selecting  the  D/A  converters  in  Fig.  21,  one  must  be  careful  to  use 
a  sufficient  number  of  bits  to  provide  the  resolution  and  accuracy  needed  for 
setting  the  weight  control  voltages.  For  example,  over  the  +  1  volt  range  of 
control  voltage,  60  dB  attenuation  requires  a  control  voltage  of  1  millivolt 
(assuming  an  ideal,  linear  weight)  and  a  D/A  converter  having  at  least  12  bits. 

The  second  method  for  characterizing  weight  tracking  performance  is  based 
on  a  statistical  analysis  of  the  measured  weight  transfer  functions.  Each 
weight  circuit  is  measured  by  connecting  it  directly  between  the  source  and 
network  analyzer  and  measuring  its  transfer  function  for  a  selected  control 
voltage  setting.  From  these  data,  estimates  can  be  obtained  of  the  weight 
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Cracking  errors  and  of  the  corresponding  cancellation  performance.  Unlike  the 
previous  method  which  computes  the  cancellation  in  terms  of  the  nulled  output 
power  versus  frequency,  in  this  method  the  cancellation  performance  is  deter¬ 
mined  by  detecting  very  small  differences  in  the  transfer  function  data. 
Consequently,  the  measurement  system  must  be  calibrated  very  carefully  to 
ensure  the  accuracy  of  the  measurement  data.  The  measurement  system  in  Fig.  21 
uses  a  state-of-the-art  network  analyzer  which  incorporates  a  vector  error 
correction  capability  (in  software)  for  enhancing  the  measurement  accuracy. 

With  this  system,  accuracies  of  0.01  dB  and  0.1  degree  are  achievable,  corres¬ 
ponding  to  cancellation  levels  of  ^  -55  dB. 

The  procedure  for  determining  cancellation  using  this  method  can  be 
described  as  follows.  Let  us  define  as  the  weight  transfer  functions 

obtained  as  a  function  of  frequency  when  each  weight  is  measured  for  some 
specific  control  voltage.  The  set  of  data  corresponding  to  Wfc(u))  is  processed 
by  estimating  the  N  x  N  average  cross-correlation  matrix  between  weight  cir¬ 
cuits  according  to 


1  + 


--L.  f 

FBW  J 


FBW 

2 


W.  (u)’)W  (u’)du)' 
k  q 


k,q-l,2. 


N 


1  - 


FBW 

2 


(6.6) 


where  w  ■  2nf  denotes  the  center  frequency,  to'  “  w/to  ,  and  FBW  the  fractional 
o  o 

bandwidth  about  Corresponding  to  R  ,  one  can  define  an  eigenvalue  equation. 


R  •  ■  S^e^  k»l ,2,  ...,  N 


(6.7) 


the  solution  of  which  defines  a  set  of  eigenvalues,  Sfc,  and  their  associated 
eigenvectors,  e^.  Since  the  eigenvalues  of  R  can  be  computed  for  a  fixed  value 
of  FBW,  they  can  be  considered  as  being  a  function  of  FBW.  When  FBW  -*•  0,  R 
will  have  only  a  single  non-zero  eigenvalue,  S^,  indicating  that  perfect 
cancellation  can  be  obtained  for  a  cw  tone  using  only  a  single  degree  of  freedom 
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corresponding  to  this  eigenvalue.  As  FBU  increases,  differences  in  the  fre¬ 
quency  variations  between  weights  then  lead  to  other  non-zero  eigenvalues  which 
characterize  the  tracking  error. 

A  detailed  discussion  of  the  eigenvalue  spectrum  and  its  relationship  to 
cancellation  performance  is  presented  in  Ref.  [9];  there  it  is  shown  that  the 
dependence  of  cancellation  on  bandwidth  can  be  determined  directly  from  the 
eigenvalue  spectrum  when  computed  as  a  function  of  bandwidth.  To  characterize 
the  weight  tracking  performance  would  require  that  the  complex  transfer  func¬ 
tion  of  each  weight  circuit  be  measured  for  a  large  number  of  weight  settings. 

Not  only  would  this  require  a  considerable  expenditure  of  time  and  effort,  it 
would  be  very  difficult,  if  not  Impossible,  to  measure  the  transfer  functions 
to  the  required  accuracy  over  the  full  range  of  weight  settings.  Alternately, 
one  can  measure  the  weight  transfer  functions  for  a  few  selected  weight  settings, 
and  from  these  measurements  use  the  eigenvalue  spectrum  to  estimate  the  tracking 
performance.  From  the  eigenvalue  spectrum  one  can  then  estimate  the  upper  bound 
on  the  cancellation  performance  from  the  ratio  of  the  two  largest  eigenvalues  of 
R,  i.e., 

S2 

C  <  K  -=*■  (6.8) 

S1 

where  K  is  a  constant  whose  value  depends  upon  the  steering  vector.  For  an  N 
element  processor,  K  generally  varies  from  1  to  N  depending  upon  the  type  of 
steering  vector  desired  so  that  the  upper  bounds  on  the  cancellation  become 

C  <  N  ■=—  (Single  Non-zero  Quiescent  Weight) 
hh 

C  <  —  (All  Quiescent  Weights  Non-zero) 

b2 

To  summarize,  the  procedure  for  determining  the  weight  tracking  performance 
from  the  eigenvalue  spectrum  is  as  follows.  With  a  fixed  I  and  Q  weight  control 
voltage  (such  as  Vj  ■  1,  ■  0),  the  amplitude  and  phase  response  of  each 

weight  is  measured  as  a  function  of  frequency  vtrh  a  network  analyzer.  The 
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correlation  matrix,  R,  is  computed  from  the  data  (using  Eq.  6.6)  parametrically 
as  a  function  of  the  fractional  bandwidth,  FBU.  The  eigenvalues  of  R  are  then 
computed  (Eq.  6.7)  and  plotted  as  a  function  of  FBU,  from  which  an  estimate  of 
the  cancellation  (upper  bound)  can  be  obtained  using  Eq.  (6.9). 

6.2  Measurement  Results 

The  digital  feedback  algorithm  described  in  the  previous  section  was  used 
to  evaluate  the  tracking  performance  of  both  the  narrowband  and  broadband  weight 
circuits.  Fig.  22  illustrates  the  results  obtained  for  a  single  narrowband 
weight  circuit  at  f  ”  121.4  MHz  for  several  selections  of  the  loop  parameters, 
p  and  c.  Since  the  algorithm  attempts  to  minimize  the  output  power,  the  only 
way  it  can  do  this  for  a  single  weight  is  to  maximize  the  weight  attenuation  by 
turning  the  weight  off.  The  amount  by  which  the  weight  is  to  be  turned  off, 
however,  is  determined  by  the  loop  gain  parameter,  p,  according  to 

Max  Attenuation  «  20  log  (p)  (6.10) 

2  4 

so  that  for  the  two  values  shown  in  Fig.  22,  (p  -  10  and  10  )  the  maximum 
(theoretical)  attenuation  levels  are  40  dB  and  80  dB,  respectively.  As  a 
practical  matter,  attenuation  levels  above  about  60  dB  are  difficult  to  obtain 
(reliably)  due  to  the  quantization  errors  and  noise  associated  with  the  D/A 
converters  which  are  used  to  set  the  weight  control  voltages.  At  60  dB  the 
required  control  voltage  setting  is  one  millivolt  (assuming  an  ideal  linear 
weight),  which  is  of  the  same  order  of  magnitude  as  the  noise  level  (specified 
as  +  0.2  millivolt  peak-to-peak)  and  quantization  errors  (LSB  ■  +  0.5  milli¬ 
volt)  associated  with  the  12  bit  D/A  converters.  For  these  reasons,  the 
weight  adaption  is  stopped  once  the  attenuation  reaches  65  dB. 

When  two  or  more  weight  circuits  are  tested  closed-loop,  the  output  power 
is  minimized  by  adjusting  the  weight  control  voltages  so  that  the  weighted 
signals  combine  to  form  a  null  at  the  output.  The  final  ideal  adapted  weight 
settings  in  this  case  are  determined  by  the  initial  steering  signals  applied  to 


RELATIVE  WEIGHT  ATTENUATION  (dB) 


NUMBER  OF  ITERATIONS 

Fig.  22.  Measurements  conducted  on  a  single  narrowband  weight 
circuit  illustrating  weight  attenuation  vs  number  of  iterations 
for  selected  values  of  p  and  e. 
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Che  weights  before  Che  weight  adaptation  begins.  As  an  example,  consider  a 
four-element  system  with  only  a  single  channel  on;  the  beam  steering  vector 
for  this  case  might  be  expressed  as 


B+  -  11,0,0,0]  (6.11) 

where  the  "l"  is  applied  to  the  reference  or  "on"  channel  and  the  remaining 
weights  are  "off".  The  final  ideal  adapted  weight  settings  for  a  cw  source 
applied  equally  to  all  channels  are  given  by 

—  *  l  4*  “  4*  “  4'  “  4  1  (6.12) 

indicating  that  the  reference  channel  weight  is  set  to  2.5  dB  (and  0s)  while 
the  remaining  weights  each  have  12  dB  attenuation  (at  180°) .  With  these  might 
settings  applied  to  each  channel,  perfect  cancellation  is  obtained. 

To  illustrate  the  caking  performance  of  multiple  weight  circuits.  Fig.  23 
shows  the  cancellation  in  output  power  plotted  as  a  function  of  frequency  for 
the  following  three  cases: 

1.  when  a  single  narrowband  weight  is  turned  "off"  with  B  ■  1, 

2.  for  two  narrowband  weights  with  B^  ■  [1,0],  and 

3.  for  four  narrowband  weights  with  »  [1,0, 0,0] 

In  each  case  the  measurements  were  performed  by  selecting  channel  1  as  refer¬ 
ence  and  allowing  the  weight  circuit (s)  to  adapt  at  f  ■  121.4  MHz  so  as  to 
null  the  output  power.  The  weight  control  voltage  settings  are  then  fixed  and 
the  output  power  measured  as  a  function  of  frequency.  The  rapid  Increase  in 
output  power  at  frequencies  away  from  f  is  an  Indication  of  the  dispersion 
between  the  feedthrough  (non-welghted)  signal  component  relative  to  the 
weighted  output  signal  over  the  measurement  band.  It  can  also  be  observed 

that  the  output  power  level  rises  as  more  weights  are  added,  increasing  4  to  6 

2 

dB  as  the  number  of  weights  are  doubled.  This  N  dependence,  where  N  is  equal 
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Fig.  23.  Comparison  of  measured  tracking  data  for  narrowband  weights 
showing  null  depth  vs  frequency  for  1,2  and  4  weights. 


) 


to  the  number  of  weights,  is  Indicative  of  feed-through  signals  which  are 
highly  correlated  from  weight  to  weight.  In  fact,  as  indicated  previously  in 
Eqn.  4.4,  correlated  feed-through  signals  lead  to  a  cancellation  which  varies 
as 

C  <  N2  |  Yp  | 2  (6.13) 

Measurements  similar  to  those  shown  in  Fig.  23  were  conducted  on  the  broad¬ 
band  weight  circuits  to  characterize  their  tracking  performance.  These  results 
are  presented  in  Fig.  24.  Not  only  do  the  broadband  weights  provide  a  substan¬ 
tial  reduction  in  the  output  level  vs  frequency,  there  also  appears  to  be  a 
smaller  correlated  feed-through  component  as  evidenced  by  the  small  Increase  in 
output  power  in  going  from  the  two-weight  to  four-weight  case.  A  more  quanti¬ 
tative  comparison  of  the  tracking  performance  of  the  narrowband  and  broadband 
weight  circuits  can  be  obtained  by  computing  the  measured  cancellation  (using 
Eq.  (6.5)).  These  results  are  presented  in  Table  3  and  illustrate  that  a  15 
to  20  dB  Improvement  can  be  achieved  with  the  broadband  weights. 
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Fig.  24.  Comparison  of  measured  tracking  data  for  broadband  weights 
showing  null  depth  vs  frequency  for  1,  2  and  4  weights. 


TABLE  3 


COMPARISON  OF  CANCELLATION  OVER  10  MHz  BANDWIDTH 
AS  A  FUNCTION  OF  THE  NUMBER  OF  WEIGHTS 

CANCELLATION  (dB) 


N-l 

N-2 

N-4 

Narrowband  Weights 

-51.2 

-46.7 

-37.3 

Broadband  Weights 

-66.5 

-60.3 

-59.1 

Figs.  23  and  24  represent  the  weight  tracking  performance  for  a  parti¬ 
cular  steering  vector,  choosing  a  specific  weight  as  reference.  To  evaluate 
the  tracking  performance  at  other  weight  settings  and  for  different  selections 
of  reference  channels,  one  can  imagine  selecting  the  reference  channel  randomly 
and  defining  a  random  complex  steering  vector  according  to 


1,  q-k 

0,  q*k 


(6.14) 


Phase  Bk  -  -180°  <  £  <  180#,  q-k  (6.15) 

where  q  is  the  randomly  selected  reference  channel  and  £  a  randomly  chosen 
steering  phase  angle.  Over  a  large  number  of  such  selections,  one  can  then 
compute  the  statistics  of  the  measured  tracking  performance  and  from  this  the 
cancellation  performance.  The  cancellation  performance  obtained  from  a  series 
of  40  separate  measurements  is  presented  in  Fig.  25.  In  Fig.  25(a)  the  proba¬ 
bility  of  exceeding  a  given  cancellation  is  plotted  as  a  function  of  the 
cancellation  level  with  bandwidth  as  a  parameter  while  Fig.  25(b)  shows  the 
cancellation  vs  bandwidth.  These  results  correspond  very  closely  to  those 
presented  previously  for  a  single  choice  of  steering  voltage  and  reference 
channel.  They  Indicate  that  over  a  10  MHz  band,  there  is  an  80  percent  proba¬ 
bility  of  achieving  a  cancellation  level  of  -55  dB. 
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AVERAGE  CANCELLATION  (dB)  PROBABILITY  CAN 


CANCELLATION  C  (dB) 


BANDWDTH  (MHi) 


Fig.  25.  Cancellation  performance  obtained  from  40  random  selections 
of  the  beam  steering  vector  and  reference  channel. 


The  second  method  of  determining  tracking  performance  involved  measuring 
the  transfer  function  of  each  weight  separately  and  computing  the  eigenvalue 
spectrum  as  described  in  the  previous  section.  Fig.  26  illustrates  the  eigen¬ 
value  spectrum  for  the  eight  broadband  weights  computed  from  the  measured 
correlation  matrix  as  a  function  of  bandwidth  for  a  control  voltage  setting  of 
Vj  -  0,  Vq  *  1.  The  dominant  eigenvalue  dispersion,  s2/8^  is  “53  dB  at  10  MHz 
bandwidth  which,  from  Eqn.  6.9,  indicates  that  the  cancellation  upper  bound 
is  within  the  range  of  -44  to  -53  dB.  As  bandwidth  increases,  82  and  s^  are 
monotonically  increasing  functions  of  frequency  indicating  that  a  frequency 
dependence  exists  in  the  weights  over  large  percentage  IF  bandwldths.  For  the 
narrowband  weights  this  dependence  is  much  more  pronounced,  with  the  levels  of 
82*  s^,  ...»  Sg  being  considerably  higher. 

Since  the  eigenvalue  ratio,  Sj/s^,  is  indicative  of  the  cancellation  per¬ 
formance  which  can  be  achieved  using  a  single  degree  of  freedom,  it  is  instruc¬ 
tive  to  compare  the  relative  performance  of  the  narrowband  and  broadband  weights 
in  terms  of  their  82/8^  ratios.  Fig.  27  illustrates  the  spread  in  the  eigen¬ 
value  ratio,  for  8*x  different  sets  of  control  voltages.  Over  the  10  MHz 

IF  bandwidth  the  broadband  weights  show  a  significant  improvement  15  dB)  in 
the  cancellation  level  in  comparison  to  the  narrowband  weights. 

One  of  the  useful  features  of  the  eigenvalue  plots  presented  in  Figs.  26 
and  27  is  that  they  can  frequently  provide  some  insight  into  the  nature  of  the 
mismatch  errors.  These  particular  figures  show,  for  example,  that  for  both 
sets  of  weights  the  eigenvalue  ratio,  82/3^,  decreases  approximately  6  dB  for 
each  octave  increase  in  frequency.  This  suggests  that  the  primary  mechanism 
contributing  to  tracking  errors  has  a  bandwidth  square  dependence.  One  impor¬ 
tant  class  of  errors  exhibiting  this  type  of  behavior  (i.e.,  Sj/s^  ^  are 
path  length  errors  (i.e.,  time  delay  errors)  which  result  in  mismatch  errors 
that  are  highly  correlated  from  weight  to  weight.  Errors  of  this  type  are 
present  in  almost  any  type  of  system  requiring  matched  channels.  They  can 
occur,  for  example,  because  of  small  differences  in  electrical  length  between 
components,  or  due  to  Impedance  mismatches  between  components  which  give  rise 
* 

The  higher  order  eigenvalues  s , ,  s, ,  . . . ,  Sg  are  down  -55  dB  or  less  and  below 

the  measurement  equipment  sensitivity. 
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EIGENVALUE  SPREAD  (dB) 


18-6-20686 


Fig.  26.  Eigenvalues  vs  bandwidth  for  the  eight  broadband 
weight  circuits,  measured  using  a  fixed  control  voltage 
Vj-O.  VQ«1  volt. 
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Fig.  27.  Comparison  of  the  eigenvalue  ratio,  s./sj,  for  the 
narrowband  and  broadband  weights  vs  bandwidth. 
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to  multiple  reflections  and  hence,  multiple  time  delays.  For  the  narrowband 
weights,  the  primary  factor  limiting  tracking  performance  was  found  to  be 
due  to  a  difference  in  time  delay  between  the  desired  weighted  signal,  and 
undesired,  feed-through  signals  occuring  at  the  weight  output  as  a  result  of 
the  finite  isolation  of  the  weight  attenuator  circuits.  The  broadband  weights, 
on  the  other  hand,  were  found  to  have  a  tracking  performance  at  least  IS  dB 
better  than  the  narrowband  weight  making  it  much  more  difficult  to  identify  the 
mechanisms  producing  these  spurious  output  signals.  For  these  weights,  the 
weight  mismatch  errors  are  most  likely  due  to  a  combination  of  small  time  delay 
errors  resulting  from  impedance  mismatches,  and  low  level  "leakage"  signals 
occurring  at  the  output  due  to  the  finite  dynamic  range  of  the  attenuator 
circuit. 
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VII.  SUMMARY  OF  RESULTS 


Table  4  presents  a  brief  summary  of  the  measured  performance  characteris¬ 
tics  of  the  narrowband  and  broadband  weight  circuits.  In  comparison  with  the 
broadband  weights,  the  narrowband  weights  were  found  to  operate  satisfactorily 
only  over  relatively  small  bandwidths  (S  to  10Z) ,  with  a  tracking  performance 
which  is  dominated  by  spurious  signals  (feed-through)  at  the  weight  output. 

The  feed-through  signals  are  the  result  of  limitations  in  fabricating  high 
input /output  isolation  quadrature  hybrid  power  dividers  which  are  used  in  the 
attenuator  circuits.  The  30  to  40  dB  level  of  isolation  achieved  over  the 
10  MHz  IF  bandwidth  resulted  in  a  dynamic  range  of  approximately  35  dB  and 
severely  limits  the  cancellation-bandwidth  performance.  The  broadband  weights, 
by  comparison,  have  a  minimum  usable  dynamic  range  of  50  dB,  and  a  cancellation- 
bandwidth  performance  at  least  20  dB  better  than  the  narrowband  circuits. 

The  performance  characteristics  of  the  broadband  weight  circuits  are  of 
particular  Interest  because  of  their  potential  use  at  higher  RF  frequencies. 
Operation  at  frequencies  of  several  gigahertz  should  be  possible  with  only 
minor  modifications  to  the  present  circuit  configuration. 

Although  neither  weight  was  designed  to  minimize  insertion  loss,  there  are 
several  areas  where  Improvements  can  be  made,  particularly  for  the  broadband 
weights,  to  reduce  Insertion  loss.  Modifying  the  drive  circuit  of  the  broad¬ 
band  weights  to  increase  the  bias  current  in  the  pi  attenuator  circuit  would 
reduce  its  insertion  loss  to  roughly  1.25  dB  from  its  present  value  of  3  dB. 
Replacing  the  diode  mixer  in  the  biphase  modulator  with  a  lower  loss  design 
(e.g.,  a  90°  hybrid  with  FIN  diodes)  would  not  only  reduce  the  insertion  loss 
1.5  dB),  but  should  also  improve  the  output  impedance  match  and  intermodu¬ 
lation  performance. 
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TABLE  4 


COMPARISON  OF  PIN  DIODE  WEIGHT  CIRCUIT  PERFORMANCE 
OVER  10  MHz  IF  BANDWIDTH  CENTERED  AT  121.4  MHz 


Insertion  Loss  (Vj*l,  Vq*0) 

Input  VSWR 

Output  VSWR 

Dynamic  Range  (CW) 

Open  Loop  (Vj»Vq*0) 

Closed  Loop 

Single  Weight  Cancellation  over  BW^ 

Input  Level  for  +1  dB  Compression 

Two-Tone  Third  Order  IM  Intercept 
(referred  to  output)  at  Minimum 
Attenuation  (V^-l,  Vq“0) 

Phase  Variation  vs  Attenuation 
0  to  10  dB 
0  to  20  dB 
0  to  30  dB 


Narrowband 

<  8.5  dB 

<  1.2 

<  1.5 


35  dB  typ. 

>  60  dB 

45  dB  typ. 

>  +10  dBm 

+15  dBm  min. 

2° 

7* 

22° 


Tracking  Performance  over 

10  MHz  BW  (sg/s^  ratio)  -40  dB 


^Relative  to  0  dB  at  Vj-1,  Vq-0. 

(2) 


Broadband 
<  12.4  dB 
<  1.2 
<  1.7 

>  50  dB  typ. 

>  70  dB 

65  dB  typ. 
+6  dBm(2) 

+14  dBm  min. 

1° 

2° 

6* 

-55  dB 


Limited  by  the  compression  point  of  the  double  balanced  mixer  (i.e., 
the  biphase  modulator) 
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are  required  to  haw  well-matched  transfer  functions  which  track  closely  from  channel  to  channel  so  as  not  to  degrade  the  proceesor 
cancellation.  To  achieve  the  necessary  tracking  performance,  two  different  weight  circuit  designs  were  Investigated.  The  tracking 
performance  of  the  first  set  was  found  to  be  limited  by  the  direct  feed-through  of  Input  signals  to  the  output  of  the  weight  circuit  ae 
a  result  of  the  limited  dynamic  range  of  the  weight  circuit  attenuator.  To  overcome  this  limitation,  a  second  set  of  weight  drculte 
having  significantly  Improved  tracking  characteristics  was  fabricated  using  an  Improved  attenuator  circuit  derign. 

Information  relevant  to  the  design,  fabrication  and  tasting  of  each  weight  circuit  Is  presented  slang  with  measured  date  to 
demonstrate  Its  performance.  Techniques  used  In  characterising  the  frequency  tracking  performance  of  multiple  weight  circuits 
are  dlecussed  and  measurement  data  Is  presented  to  Illustrate  the  relative  tracking  performance  of  the  weight  circuits. 


